A three-dimensional (3D) direct numerical simulation (DNS) study of the propagation of a reaction wave in forced, constant-density, statistically stationary, homogeneous, isotropic turbulence is performed by solving Navier-Stokes and reaction-diffusion equations at various (from 0.5 to 10) ratios of the rms turbulent velocity U to the laminar wave speed, various (from 2.1 to 12.5) ratios of an integral length scale of the turbulence to the laminar wave thickness, and two Zeldovich numbers Ze = 6.0 and 17.1. Accordingly, the Damköhler and Karlovitz numbers are varied from 0.2 to 25.1 and from 0.4 to 36.2, respectively. Contrary to an earlier DNS study of self-propagation of an infinitely thin front in statistically the same turbulence, the bending of dependencies of the mean wave speed on U is simulated in the case of a nonzero thickness of the local reaction wave. The bending effect is argued to be controlled by inefficiency of the smallest scale turbulent eddies in wrinkling the reaction-zone surface, because such small-scale wrinkles are rapidly smoothed out by molecular transport within the local reaction wave.
I. INTRODUCTION
The critical point of the theory of turbulent reacting flows stems from averaging reaction rates subject to fluctuations in the local concentrations and temperature T . The problem is particularly severe in the case of premixed burning, because (i) the rates of reactions that control heat release depend on T in a highly nonlinear manner, (ii) the magnitudes of the temperature fluctuations are typically large, and (iii) these fluctuations exhibit a wide range of length and time scales [1] [2] [3] . Accordingly, even most advanced models of a highly nonlinear multiscale problem such as the influence of turbulence on premixed combustion invoke a number of simplifications, i.e., highlight certain local effects but ignore many others. Such models are commonly assessed by (i) applying them to Reynolds-averaged Navier-Stokes (RANS) or large eddy simulation (LES) of an experiment and (ii) comparing obtained numerical results with measured data. However, such a test does not offer an opportunity to scrutinize the model foundations, e.g., to reveal a particular assumption that causes eventual disagreement between the numerical and experimental data.
Recent research trends in the field of turbulent burning indicate that a breakthrough in assessing and ranking various models by scrutinizing their foundations becomes possible thanks to the rapid development of computer hardware and software, which has made direct numerical simulation (DNS) of turbulent reacting flows feasible. Progress made in this area over the past years was very impressive. In particular, the leading research groups succeeded already in 3D DNSs of highly turbulent premixed flames by allowing for density variations and complex combustion chemistry [4] [5] [6] [7] [8] [9] [10] . Moreover, DNS of laboratory flames were also performed [11, 12] . However, while advancement to simulations of increasingly challenging problems was in the focus of the numerical combustion community over the past decade, unique opportunities offered by DNS for scrutinizing foundations of turbulent combustion models did not seem to be exploited in full measure.
The point is that the vast majority of models of the influence of turbulence on premixed combustion (i) deal with single-step chemistry and (ii) neglect density variations, with a few exceptions [13] [14] [15] [16] . Accordingly, to explore foundations of such models, heavy DNS with complex chemistry are not necessary, but extension of the range of studied conditions appears to be of paramount importance. Indeed, several recent DNS studies of variable-density single-step-chemistry turbulent premixed flames [17] [18] [19] [20] [21] [22] aimed at assessing models of premixed turbulent burning and exploring physical mechanisms of turbulent combustion. However, to perform a target-directed investigation of many models, DNS of a constant-density reacting flow makes sense, because problems addressed by the models and simulations are as close as possible in such a case. Nevertheless, DNS of a constantdensity turbulent reacting flow was beyond the focus of the combustion community in this century.
The goal of the present work is to fill this gap by highlighting and discussing certain effects, which are observed in constant-density DNS, but appear to be of importance for understanding and modeling premixed turbulent flames. In the first two papers of the present series [23, 24] , we explored such effects by analyzing DNS data obtained in computations of self-propagation of an infinitely thin interface in homogeneous isotropic turbulence. The present work extends the previous study by (i) considering a reaction wave of a nonzero thickness, with all other things being equal, and (ii) investigating the influence of the thickness on the mean wave characteristics such as its speed and thickness, turbulent scalar transport within the mean wave, etc. Such an extension of the previous work appears to be a reasonable second step in a step-by-step study of a role played by various phenomena (self-propagation of an infinitely thin front, nonzero thickness of a reaction wave, Lewis number and preferential diffusion effects, density variations, and, finally, complex chemistry) in premixed turbulent combustion. 1 The present paper is organized as follows. In the next two sections, governing equations are briefly summarized and DNS attributes are reported. The obtained results are discussed in Sec. IV, followed by our conclusions.
In order to stress the difference between constant-density turbulent flow and turbulent burning accompanied by significant density variations, we will avoid terms flame and flamelet when discussing constant-density DNS data in the rest of the paper. For instance, a statistically planar spatial region that envelops all local reaction waves at a single instant will be called a mean wave or mean wave brush. The mean speed of this mean wave brush with respect to the mean flow will be called a mean wave speed. Nevertheless, because the present study aims at clarifying basic issues associated with premixed turbulent combustion, the same symbol δ T will designate both a mean flame brush thickness and a mean wave thickness obtained in the present DNS. Similarly, the same symbol S T will designate both a turbulent flame speed or burning velocity and a mean wave speed obtained in the present DNS. Furthermore, the speed of the self-propagation of the wave will be designated with symbol S L , which is associated with the laminar flame speed in the combustion literature. Finally, we will use words combustion and flame when comparing the present DNS results with various models of premixed turbulent burning or experimental and DNS data obtained from flames.
II. GOVERNING EQUATIONS
The background turbulent flow is described by the constantdensity continuity
and Navier-Stokes ∂ u ∂t + (u·∇)u = −ρ −1 ∇p + ν∇ 2 u + f (2) equations, where t is time; u is the flow velocity vector; ρ, ν, and p are the density, kinematic viscosity, and pressure, respectively; and a vector function f is added in order to maintain constant turbulence intensity by using energy forcing at low wave numbers. Propagation of a reaction wave of a nonzero thickness is modeled by the following convection-diffusion-reaction equation:
1 As kindly noted by a reviewer, the first three steps were already passed for a simpler relevant problem, i.e., propagation of a hydrodynamically passive reaction wave through a stationary twodimensional (2D) array of single-scale vortices [25] [26] [27] [28] . However, Kagan and Sivashinsky [26] noted that certain results computed by them might not "hold for turbulent combustion" and suggested to extend their "study over multiscale, time-dependent and random velocity fields" (p. 229). The present work responds to such a request in the 3D case.
for a scalar field c, which is equal to zero and unity in fresh reactants and products, respectively. The molecular diffusivity D is set to be constant and the reaction rate
depends on c in a highly nonlinear manner. Here, τ R is a constant reaction time scale, τ = 6, and the parameter Ze, called the Zeldovich number via an analogy with premixed combustion, is specified in Tables II and III in Sec. III. To further draw the analogy with combustion, (i) a sum (1 + τ ) is counterpart of the density ratio ρ u /ρ b in a premixed flame, where subscripts u and b designate unburned and burned gas, respectively, and (ii) the scalar c is associated with the combustion progress variable, which is equal to 1
Here, y is the mass fraction of the deficient reactant, and a is the molecular heat diffusivity of the mixture. In the present work, DNS cases were set up by specifying (i) Ze, (ii) the speed S L of the steady propagation of the planar reaction wave in quiescent flow, and (iii) the wave thickness δ F = D/S L . To do so, the diffusivity D and time scale τ R were tuned in simulations of planar one-dimensional (1D) laminar waves in order to obtain required S L and δ F .
Results obtained in the present DNS will be compared with recent DNS data [24] computed by solving the level-set equation [29] ∂G ∂t
instead of Eq. (3), with all other things being equal. Here, G is a signed distance function to the closest interface associated with G(x,t) = 0, the field of c(x,t) = H [G(x,t)] is the counterpart of the c field modeled using Eq. (3) in the present work, and H (z) is the Heaviside function. The interface speed S L was kept constant by Yu et al. [24] .
III. NUMERICAL METHOD AND SIMULATION CONDITIONS
The computational domain is a fully periodic rectangular box of size of
The domain is discretized using a uniform staggered Cartesian grid of N x × N y × N z cells with N x = 4N y = 4N z . Most results reported in the present paper were obtained using three different domains (three different L), but retaining the same spatial resolution
In all cases, the viscosity ν is kept constant and equal to 1.56 × 10 −4 m 2 /s. Simulations were performed using a simplified in-house DNS solver [30] developed for low-Mach-number reacting flows and equipped with a standalone stiff chemistry solver for a general kinetic mechanism. The solver was already applied to various reacting flow systems [31] [32] [33] [34] . In the original solver, the temporal integration of the governing equations is based on a second-order symmetrical Strang splitting algorithm. In the present work, the solver is simplified because the source term W (c) given by Eq. (4) is not stiff. In particular, when numerically integrating Eq. (3), temporal advancement is performed for a full time-step ( t = t n+1 − t n = 0.029 x/U ) using the Adams-Bashforth method in multiple subtime steps, i.e., t
where a k = (k + 1/2)/K is an interpolation coefficient and D = D∇ 2 c and H = −u·∇c + W are the diffusion term and the sum of the convection and reaction terms, respectively. In order to reduce the computational costs, the H term is evaluated for the full time step. Such a solution is feasible, because the stability of the numerical scheme is mainly controlled by the diffusion term.
The convection term is discretized using a fifth-order weighted essentially nonoscillatory (WENO) scheme [35] , whereas all other spatial terms are discretized using sixth-order center schemes.
The constant-density flow solver is largely identical to the solver used by us earlier [23, 24] , but the multigrid solver [36] for the constant-coefficient Poisson equation with periodic boundaries is replaced with an accurate spectrum solver using an open-source, parallel version of FFTW3 (mpi-fftw). The DNS code is implemented in a vector form enabling 1D, 2D, and 3D simulations.
The initial turbulence field is generated by synthesizing prescribed Fourier waves [37] with an initial rms velocity U 0 and a turbulence length scale 0 = L/4. As a special case by Lamorgese et al. [38] , the forcing function f (x,t) = κf κ (t) exp(iκ · x) is invoked in order to maintain statically stationary turbulence. Here,
is the Fourier mode of f in the wave-number κ space,
is the dissipation rate, and the bracket · designates averaging over entire domain. The caret operator designates the complex Fourier modeq κ (t) = q(x,t) exp(−iκ · x) for any q, a superscript star denotes a complex conjugate, 1 κ−κ r = 1 when κ = κ r or vanishes otherwise,
randomly selected (at each time step) nonzero wave-number vector within a userspecified lower wave-number band, i.e., |κ r | κ f , and m is a random integer vector. By adopting the same forcing technique with κ f /κ 0 = 3, where κ 0 = 2π/L, Yu et al. [23, 24] showed that (i) the rms velocity U was maintained as the initial value, i.e., U = U 0 , (ii) the normalized averaged dissipation rate ( 0 /U 0 3 ) ε fluctuated slightly above 3/2 after a short period (t < τ 0 t = 0 /U 0 ) of rapid transition from the initial artificially synthesized flow to developed turbulence, (iii) the forced turbulence achieved statistical homogeneity and isotropy over the entire domain (see also Table I show characteristics of these three fields, calculated after the forced turbulence reached statistical stationarity, i.e., at t > 5τ Fig. 1 , which indicates the isotropy of the generated turbulence.
Because a reaction wave does not affect turbulence in the case of constant ρ and ν, the flow statistics were the same in all cases that had different S L , but the same Re 0 and the same κ f /κ 0 . Statistically, the same turbulence fields were used by Yu et al. [23, 24] in the previous DNS study of self-propagation of an infinitely thin interface. 
In the present work, two more turbulence fields were generated by setting κ f /κ 0 equal to 1 or 6, see the fourth and fifth lines in Table I , in order to change ratios of L 11 /L and /L by retaining the same U and ν [39] . As shown in Fig. 1 , a smaller forcing radius yields wider autocorrelation functions and, therefore, larger L 11 .
It is worth stressing that the fields obtained at (i) Re 0 = 100 and κ f /κ 0 = 3 and (ii) Re 0 = 200 and κ f /κ 0 = 6 are characterized by almost equal Re t or L 11 , but a ratio of L 11 /L is larger by a factor of about two in the former case. Accordingly, these two turbulence fields were used in order to gain insight into eventual influence of the relative width L/L 11 of the computational domain on obtained results, with all other things being approximately equal. As will be shown later, such an influence is weak, because the autocorrelation functions vanish (if κ f /κ 0 3) at distance r equal to half the width of the computational domain; see Fig. 1 .
In the five aforementioned cases, the Kolmogorov length scale η was on the order of the grid cell size x, thus implying sufficient grid resolution. Nevertheless, in order to assess sensitivity of computed results to numerical resolution, highly resolved simulations, see the bottom line in Table I , were also run. Table II reports characteristics 2 of 20 basic DNS cases studied in the present work. There are four sets of five cases each, with the first, second, third, and fourth sets being associated with the four turbulence fields addressed in the four first lines in Table I , respectively. The first three sets are characterized by the same κ f /κ 0 = 3 and L 11 /L ≈ 0.1, whereas the fourth set is characterized by κ f /κ 0 = 1 and L 11 /L ≈ 0.06. Moreover, all 20 cases are characterized by the same Zeldovich number Ze and the same laminar wave 2 The fully developed mean wave thickness δ T and speed S T , reported in the last two columns, will be discussed in Sec. IV. Table I . In addition, (i) case 10-21-4δ−Ze, which is counterpart of case 10-21-4δ, and (ii) cases 10-21 * and 10-21 * -Ze are set to explore the influence of Ze on the computed results. Moreover, a comparison of results obtained in cases 10-21 and 10-21 * offers an opportunity to assess the sensitivity of numerical data to mesh resolution, because the mesh size N x is larger by a factor of four in the latter case; see the bottom line in Table I Table III , in order to check consistency of the previous [24] and present simulations. All in all, the present DNS study addresses turbulent reaction waves, which are characterized by significantly different Damköhler (0.2 Da 25.1) and Karlovitz (0.4 Ka 36.2) numbers and, therefore, are associated with different regimes of the wave propagation, e.g., "wrinkled flamelet" (U < S L , Da > 1, and Ka < 1) and "thin reaction zone" (Ka > 1) regimes of premixed combustion [1] .
It is worth stressing that, in the present work, certain scaling relations widely used in combustion literature, e.g., Re t ∝ (U L 11 )/(S L δ F ) and Ka 2 Da 2 ∝ Re t , do not hold, because variations in S L and δ F result not only from variations in the time scale τ R but also from variations in the diffusivity D, with the kinematic viscosity retaining the same value in all simulations. Thus, in order to vary a ratio of L 11 /δ F by retaining the same U /S L and the same turbulence characteristics, the Schmidt number ν/D is varied.
By processing a profile of c L (x), obtained from a planar laminar wave, e.g., see Fig. 2 , several wave thicknesses can be introduced in addition to δ F used above. In particular, first, δ L = 1/ max(|∇c|) characterizes the thickness of a zone associated with significant variations in c L (x) and a similar quantity is widely used to evaluate laminar flame thickness. Second, δ r = |x(c 2 ) − x(c 1 )| characterizes thickness of a reaction zone and is equal to distance between points x(c 1 ) and x(c 2 ) such that c 1 < c 2 and 
Using a resolution of four grid cells per δ F (this resolution was used in all cases in Table II characterized by Ze = 6), the inner reaction zone (δ r ) is resolved with around three grid points. Such a resolution (four cells per δ F ) was used in recent 2D simulations of development of the hydrodynamic instability [40, 41] of a laminar premixed flame in a wide computational domain [42] and was shown to be sufficient in that case. The fact that this resolution is sufficient for the goals of the present study is also confirmed by good agreement between DNS results obtained in cases 10-21 and 10-21
* ; see the last two columns in Tables II and III 
063101-5
In the first three (05-21-4δ, 10-21-4δ, and 10-21-4δ-Ze) and the next two (10-21 * and 10-21 * -4δ) cases in Table III , a ratio of δ F / x is larger (13 and 16, respectively), because either δ F is larger, but x is standard (the three cases characterized by Re 0 = 200), or x is smaller (cases 10-21 * and 10-21 * -4δ). In order to study a fully developed reaction wave, a planar wave c(
Here, c L (ξ ) is the precomputed laminar-wave profile. Subsequently, evolution of this field c(x,t) was simulated by solving Eq. (3). To enable periodic propagation of c field along the x direction, the field is extrapolated outside the axial boundaries of the computational domain at each time step t n as follows: c(x ,y,z,t n ) = c(x,z,t n ), where x = x + I L x and I is an arbitrary (positive or negative) integer number. Subsequently, Eq. (6) 
is the mean coordinate of a reaction wave on the x axis and = 0.45L x in order to avoid numerical artifacts in the vicinity of
, the scalar c(t n ) is set equal to zero (fresh reactants) and unity (products), respectively, because the entire flame brush is always kept within the interval Computations of fully developed statistics with sampling every 100 t were started after the forced turbulence reached statistical stationarity at t = t * = 6000 t > 3.5τ 0 t . Here, τ 0 t = 0 /U is the initial turbulence eddy turn over time. In all cases, the total sampling duration was larger than 50τ 0 t . It is worth remembering that the statistically stationary forced turbulence was characterized by 0.25τ 0 t τ t < 0.8τ 0 t ; see Table I .
Statistics were sampled using the following methods. First, for each characteristic q(x,t) of the reaction wave c(x,t), its statistically stationary mean value q(x) was evaluated by averaging the DNS data over transverse (y and z) coordinates and over time at t > t * . Second, the x coordinate was mapped to a c(x) coordinate to yield q(c), as discussed in detail in Ref. [24] .
Moreover, when analyzing the DNS data in the present paper, we will deal with a few 4 quantities q conditioned to the reaction zone, i.e., c 1 < c < c 2 such that W (c 1 ) = W (c 2 ) = max{W (c)}/2, at variousc(x). Such conditioned quantities are found using 3D probability density functions (PDFs) P (q,c,c) and the following expressions:
It is worth noting that, in order to improve the statistical convergence of reported results, the 3D PDFs P (q,c,c) are evaluated in the run-time regime; i.e., each grid cell and each sampling time step contribute to the PDF. More specifically, the 3D PDFs are determined as follows. First, boundaries q min and q max of expected variations of a quantity q(x,t) are found in a test prerun and an interval bounded by q min and q max is uniformly cut into 100 discrete bins. Second, an interval of 0 c(x,t) 1 is uniformly cut into 100 discrete bins. Subsequently, at each time step t n of the simulations, (i) negligible values of probabilities of q < q min and q > q max are checked and (ii) the set of q(x,t), c(x,t), and x i = i x is sampled over the entire computational domain; i.e., if the values of q(x i ,y j ,z k ,t n ) and c(x i ,y j ,z k ,t n ) belong to the lth q bin and mth c bin, respectively, then unity is added to the {l,m,i}-th element of the 3D q-sampling array. Finally, at the postprocessing stage, P (q,c,c) is obtained by (i) renormalizing all elements of the 3D sampling array in order for their sum to be equal to unity and (ii) translating the x dependence intoc dependence using the monotonous functionc(x).
IV. RESULTS AND DISCUSSION
The 3D images of the reaction zone surface, obtained in the present DNS, look similar to the 3D images of an infinitely thin self-propagating interface, obtained by solving Eq. (5); see Fig. 3 in Yu et al. [24] . To provide insight into the structure of the reaction zone in the present DNS, typical instantaneous W [c(x,t)] fields are shown in Fig. 3 . In case 05-67 (bottom row), characterized by the lowest Ka, the reaction zone is weakly perturbed and moderately wrinkled, with distance between isosurfaces of c(x,t) = c 1 and c(x,t) = c 2 being weakly varied. In case 10-67 (top row), characterized by a high Ka = 11.0 and a low Da = 0.7, the reaction zone is still predominantly thin, but is strongly wrinkled. In cases 10-21-4δ and 10-21-4δ-Ze (two middle rows), characterized by the highest Ka = 36.2 and the lowest Da = 0.2, substantial perturbations of the reaction zone are clearly visible, with both distributed and sufficiently thin reaction zones being simultaneously observed in different spatial regions. Figure 3 is consistent with contemporary knowledge on the structure of reaction zones in highly turbulent premixed flames. First, as reviewed elsewhere [3, 43] , recent experimental and DNS data indicate that reaction zones remain thin and retain their laminar structure even in intense turbulence associated with high Ka. Images reported in top and bottom rows in Fig. 3 are qualitatively consistent with such data. Second, 2D images of reaction zones, obtained in a few very recent experimental studies [44] [45] [46] of premixed turbulent flames characterized by very high Ka, showed that such "zones exhibited regions of both relatively thin and distributed reactions" [44] (p. 4089). A similar behavior of reaction zones is shown in the second row in Fig. 3 . Recent DNS of premixed flames in very intense turbulence also indicated transition from thin to distributed reaction zones at very high Ka [10, 47] .
However, values of Ka associated with such a transition in the present simulations are significantly lower than the counterpart values of Ka reported in the cited experimental and DNS papers. This quantitative difference can be attributed to the lack of thermal expansion effects in the present computations. In the case of premixed combustion, small-scale eddies are known to be inefficient in wrinkling reaction-zone surface [48, 49] , in particular, because they rapidly disappear due to dilatation and an increase in viscosity within the flame preheat zone. However, because these two phenomena vanish in a constant-density flow, reaction waves do not destroy the smallest-scale turbulent eddies and, therefore, do not reduce the highest local rates of stretch of reaction zones under conditions of the present DNS. Accordingly, in a constant-density turbulent flow, an "efficient" Ka experienced by a reaction wave appears to be significantly higher than an "efficient" Ka experienced by a premixed flame in statistically the same incoming flow of unburned reactants.
A. Mean characteristics of turbulent reaction wave
It is worth remembering that the key difference between the present and previous [24] DNSs consists in substituting Eq. (5) with Eq. (3), which describe propagation of an infinitely thin reaction zone and a reaction zone of a nonzero thickness, respectively. Therefore, in order to gain insight into the influence of the reaction zone thickness on the speed and structure of the mean reaction wave, exactly the same quantities were extracted from the previous [24] and present DNS databases, followed by comparison of these quantities. Accordingly, the structure of the present subsection is as follows. In Sec. IV A 1, we will briefly summarize results that are basically similar in the two DNS series. In Sec. IV A 2, we will report and discuss a significant effect of the reaction zone thickness on the mean reaction wave speed.
Mean wave thickness and turbulent diffusivity
This section is restricted to a summary of results that are similar to results obtained by Yu et al. [24] by solving Eq. Let us consider fully developed mean wave brush thickness evaluated as follows:
Values of δ T normalized using L 11 are reported in the next to the right column in Tables II and III Table III shows that an increase in Ze by a factor of about 3 weakly affects δ T . Accordingly, in the rest of the present section, discussion will be restricted to cases characterized by the same Ze = 6.0.
Fully developed δ T obtained in these cases are plotted in black symbols in Fig. 4(a) , whereas the counterpart red symbols show results obtained earlier [24] by tracking an infinitely thin self-propagating interface in statistically the same turbulence. Comparison of the black and red symbols indicates that a nonzero thickness of a reaction wave weakly affects fully developed δ T .
In order to explore dependence of the computed δ T on basic mixture and turbulence characteristics, the fits Y = aX b (11) were applied to the present DNS data obtained in 20 basic cases, see Table II, and cases 05-21-4δ and 10-21-4δ, see  Table III . It is worth remembering that the Schmidt number ν/D was varied in the present study in order to vary L 11 /δ F by retaining the same U /S L and the same turbulence characteristics. Therefore, a function of U /S L and L 11 /δ F is not reduced to a function of Da and Ka.
When applying Eq. (11) to the present data, parameters a and b were calculated using least square fit in logarithmic coordinates. A coefficient of determination was also evaluated. When using Table IV , with these fits being plotted in Fig. 4(b) . It is worth noting that results calculated for δ T − δ L are not reported in Table IV , because subtraction of δ L from δ T reduces R 2 , i.e., impedes fitting, for all X. Moreover, approximations of (i) 17 DNS cases characterized by κ f = κ 0 = 3 and L 11 /L ≈ 0.12, see open symbols in Fig. 4(b) , and (ii) 22 DNS cases, which include five more cases characterized by κ f = κ 0 = 1 and L 11 /L = 0.2, see filled symbols in Fig. 4(b) , are close to one another, thus implying a minor influence of the relative width L/L 11 of the computational domain on the simulated δ T . Table IV shows that δ T is substantially increased by U /S L , is almost proportional to L 11 , and depends weakly on δ F . As discussed by Yu et al. [24] , such a dependence of fully developed mean flame brush thickness on U /S L has never been predicted by a model of premixed turbulent combustion. It is worth noting, however, that expressions obtained by Klimov [50] 
q with q ≈ 0.5. This power exponent is not very far from b ≈ 0.4 reported for δ T /L 11 as a function of U /S L in Table IV. Let us consider fully developed turbulent diffusivity evaluated as follows:
Similar to results computed by Yu et al. [24] by solving the G equation, Eq. In line with the DNS study by Yu et al. [24] , D * T depends weakly on L 11 /L, which was varied by varying either Re 0 or κ f /κ 0 in the present study, and is decreased with decreasing U /S L ; see Fig. 6(a) . Figure 6 (b) shows a substantial reduction of the magnitude of the effect due to substitution of the length scale L 11 with the thickness δ T when normalizing D T .
A decrease in turbulent diffusivity due to chemical reactions in constant-density flows, shown in Fig. 6(a) , is well known after the seminal work by Corrsin [51] . For instance, such an effect results straightforwardly from transport equations for velocities conditioned to reactants or products [3, 52] . Moreover, a theory that yields such an effect was recently developed [53] . The effect stems from inability of large-scale turbulent eddies to fully contribute to mixing if the reactant is consumed by a chemical reaction during the eddy lifetime [53] . Nevertheless, the effect is often ignored by the combustion community.
Comparison of open black and filled red symbols in Fig. 6 
Turbulent wave speed
Fully developed turbulent wave speeds S T were evaluated (i) by differentiating time dependencies of the axial coordinate x f (t) of a plane x = x f (t), where the value c of c(x,t), averaged over transverse coordinates, was equal to 0.5, and (ii) by averaging the obtained S T (t) over time at t > t * . Fully developed turbulent consumption velocities U T were computed by averaging
over time at t > t * . Because the obtained values of S T (t) and U T (t) are always close to one another, we will address S T in the rest of the paper. Values of S T normalized using U are reported in the right columns in Tables II and III Table III , shows that an increase in Ze by a factor of about three weakly affects S T . Accordingly, in the rest of the present subsection, discussion will be restricted to 20 basic cases, see Table II , and cases 05-21-4δ and 100-21-4δ, see Table III , characterized by the same Ze. Black symbols in Fig. 7(a) show normalized fully developed mean wave speeds S T /S L , computed in the present work. Filled red symbols show S T /S L simulated in our previous DNS study [24] of self-propagation of an infinitely thin front in statistically the same turbulence. Blue crosses, pentagons, and pluses show S T /S L obtained by Wenzel and Peters [54, 55] in 3D DNS of self-propagation of an infinitely thin front in constant-density turbulence. These authors solved the G equation (5) and allowed for the linear dependence S L = S 0 L − νh/Sc of the local front speed S L on its local curvature h = −∇ · (∇G/|∇G|). The sensitivity of the local front speed to its local curvature was varied by changing the Schmidt number Sc. The case of Sc = ∞ corresponds to a constant S L , i.e. this case is basically similar to the problem studied by Yu et al. [24] . Figure 7( Fourth, a well-pronounced bending effect, i.e., a decrease in the slope dS T /dU with U /S L , is shown both by the present DNS data, see black symbols, and by the DNS data by Wenzel and Peters [54, 55] , see blue pentagons or pluses. Moreover, the values of S T /S L obtained at U > 2S L in the two studies are sufficiently close to one another. However, the data by Wenzel and Peters [54, 55] indicate leveling off of S T (U ) curves, whereas the slope dS T /dU is always positive under conditions of the present DNS. This difference could be attributed not only to the use of the G equation in the former case, but also to the fact that a ratio of the axial length of the computational domain to U 3 / ε was about six in the simulations by Wenzel and Peters [54, 55] , but was as large as about 24 in the present cases characterized by κ f /κ 0 = 3.
The bending effect will further be discussed in Sec. IV B. Before doing so, let us explore dependencies of the computed S T on basic mixture and turbulence characteristics, such as U /S L , L 11 /δ F , Da, and Ka. For these purposes, the present DNS data were fitted using Eq. (11),
It is worth remembering that the Schmidt number ν/D was varied in the present study in order to vary a ratio of L 11 /δ F by retaining the same U /S L and the same turbulence characteristics (Re t , U , L 11 , etc.). Therefore, a function of U /S L and L 11 /δ F is not reduced to a function of Da and Ka.
When using X = (U /S L )(L 11 /δ F ) q to fit the DNS data, the power exponent q was varied from −4 to 4 with a step of 0.01. Then, parameters a and b were evaluated using a least square fit in logarithmic coordinates for each value of q. Finally, the value of q that yielded the highest R 2 evaluated using Eq. (12) was selected.
Parameters of the five best fits for S T /U and S T /S L are listed in Table V results of fitting various experimental databases on turbulent flame speeds [56] . 17 and s 22 might be attributed to the influence of the width of the computational domain. However, it is also worth noting that any of these fits holds in a bounded range of mixture and turbulence characteristics and should not be extrapolated to L 11 /δ F → ∞. For instance, in the case of infinitely large ratio of L 11 /δ F , the scaling of S T ∝ U has been obtained by numerically solving the G equation (5) with S L = S 0 L [24, 54, 55] ; see the red filled symbols and blue crosses in Fig. 7(a) . Accordingly, a decrease in the exponent s with increasing L 11 /δ F may be assumed. This is in line with the DNS data, because the five extra cases that affect s 22 < s 17 are characterized by the largest L 11 /δ F = 12.5; see Table II . Bearing in mind that (i) neither [56] .
Nevertheless, there are experimental databases on turbulent flame speeds that support other power-law fits. In particular, as shown by Lipatnikov and Chomiak [56] , the three most extensive experimental databases obtained from expanding statistically spherical premixed flames [66] [67] [68] are reasonably well fitted with S T ∝ U Ka −1/3 or S T ∝ U Da 1/4 and, therefore, indicate a less pronounced dependence of S T /U on Ka or Da when compared to the present DNS. Differences between these measured data and the present DNS results could be attributed to a number of factors, such as (i) thermal expansion effects, reviewed elsewhere [69, 70] , (ii) differences between experimental and numerical flame configurations, (iii) differences between methods adopted to evaluate S T in the experiments and simulations [71] , etc.
B. Bending effect
While the bending effect is well documented in experiments with premixed turbulent flames, as reviewed elsewhere [56, 72] , explanation and modeling of this effect is still the grand challenge to the combustion community.
Because the sole difference between the previous [24] and present DNS consists in substituting the G equation (5) with Eq. (3), the obtained difference between the linear and bent S T (U ) curves cannot be attributed to the exploited method of turbulence generation, numerical resolution or scheme, insufficiently large width of the computational domain, etc. For instance, cases 10-37 and 10-40-L 11 /L are characterized by significantly different (by a factor of two) ratios of L 11 /L, see Table I , with all other things being approximately equal, but, in spite of the difference in L 11 /L, the values of δ T /L 11 or S T /U , computed in the two cases, are approximately equal, see the last two columns in Tables II and III . Therefore, the difference between the S T (U ) curves [or filled red and open black symbols in Fig. 7(a) ] is straightforwardly associated with a nonzero local thickness of the reaction wave, which was addressed in the present DNS, but was neglected in the previous simulations, with all other things being equal. Accordingly, explanation of the bending effect shown in Fig. 7(a) should be based on physical mechanisms that stem from the nonzero δ F .
In the rest of the present subsection, a role played by three such physical mechanisms is considered. It is worth stressing that we will solely discuss physical mechanisms that might eventually explain the difference between the linear and bent S T (U ) curves computed in the previous [24] and present DNS. For the sake of brevity, this difference will be called the bending effect in the rest of the present subsection.
Local reaction extinction?
In the combustion literature, deviation of dependencies of flame speed on rms turbulent velocity from a straight line is most often attributed to local decrease in burning rate and local combustion quenching due to high stretch rates created by small-scale turbulent eddies [73] [74] [75] .
At first glance, such a physical mechanism is not relevant to the conditions of the present DNS. For instance, in the case of (i) single-step chemistry, (ii) Le = 1, and (iii) adiabatic burning, high stretch rates cannot cause local combustion extinction, i.e., holes in a flame surface. Indeed, due to continuity of a c field and continuous, single-valued (in the considered case) dependence of the rate W on c, any curve that connects a point in products (c = 1) and a point in fresh reactants (c = 0) inevitably crosses a reaction zone c 1 c c 2 , where the reaction rate is high [13] . Moreover, within the framework of the asymptotic (Ze → ∞) theory of weakly stretched, adiabatic laminar premixed flames [76, 77] , consumption velocity u c , i.e., the reaction rate W integrated along the local normal to the reaction wave, is not affected by flame stretch rate if Le = 1 and chemistry is single step. However, local variations in u c can occur in the case of a nonzero thickness of the reaction zone, i.e., at large but finite Ze [78] . Therefore, a role played eventually by such a physical mechanism under conditions of the present DNS should be addressed.
A straightforward way to assessing a role played by this physical mechanism consists in processing DNS data on the local u c . However, in intense turbulence, topology of reaction zone is so complicated, see Fig. 3 , that application of this method is difficult. Accordingly, here, the issue is addressed using an indirect method.
To characterize an increase δA = A T /A L in the area of the surface of a reaction zone in a turbulent flow when compared to the laminar wave, the following ratio is invoked:
where the symbol · f (c) designates value of flame surface density |∇c| [2] conditioned to the reaction zone, as defined by Eq. (9), and the denominator is evaluated by integrating the laminar profile c L (x) over the reaction zone, i.e., at c 1 c c 2 . Figure 8(a) shows that the bending of the δA(U /S L ) curves is well pronounced. Moreover, these curves look similar to the S T /S L (U /S L ) curves plotted in Fig. 7(a) , thus implying that the bending of the latter curves is mainly controlled by the bending of the former curves. Indeed, a ratio of (S L δA)/U T , shown in Fig. 8(b) , is close to unity, thus further supporting statistically negligible variations in u c under conditions of the present DNS. Furthermore, contrary to eventual increase in (S L δA)/U T by U /S L due to eventual reduction inū c by turbulent stretching, the ratio of (S L δA)/U T is slightly decreased when U /S L is increased. This effect could be attributed to (i) an increase in the burning rate integrated over mixing zones (c < c 1 ), as such zones are expanded by small-scale turbulent eddies [57] , or (ii) an increase in the local burning rate in the vicinity of cusps [79] . In any case, the increase in (S L δA)/U T by U /S L does not contribute to the bending effect, but weakly resists it.
Thus, the discussed bending of S T (U ) curves appears to be controlled by reduction of the rate of an increase in the area of reaction-zone surface with increasing U /S L . This conclusion is consistent with earlier DNS studies by Wenzel and Peters [54, 55] and Nivarti and Cant [21] . In the next two subsubsections, two physical mechanisms apparently relevant to such a behavior of the reaction-zone surface area are addressed.
Restriction of wave propagation by high strain rates?
By considering premixed turbulent combustion at high Karlovitz numbers, Kuznetsov and Sabelnikov [13] have hypothesized that influence of turbulent strain rates on local burning can manifest itself not only in the local flame extinction but also in pushing the flame out spatial regions characterized by high strain rates. Such a phenomenon may bound the flame expansion, impede growing its surface area, and therefore reduce S T . Law and Sung [80] also emphasized that a flame can survive by moving out spatial regions characterized by high strain rates.
In order to assess a role played eventually by such a physical mechanism, we computed PDF P (S 2 ) by analyzing the entire flow field and the counterpart PDF
conditioned to the reaction zone. Here, S 2 = S ij S ij is the total strain. Results reported in Fig. 9 show that, at high values of S 2 , the conditioned PDF is larger than the unconditioned one; PDFs for the total strain S 2 normalized using ε /(2ν). Gray thick solid line shows the unconditioned P (S 2 ). Red dashed and blue dot-dashed lines show the conditioned PDFs P f (S 2 ) obtained in cases 05-67 and 10-67, respectively; see Table II. cf. the curve shown by the broken line with the curve shown by the thick solid gray line. The difference is more pronounced at U /S L = 10, see curve shown in blue dot-dashed line, when compared to U /S L = 0.5, see curve shown in red dashed line. Accordingly, Fig. 9 does not indicate that reaction zones bypass regions characterized by high strain rates.
Moreover, the sign of the displacement speed [1,2]
conveys some information about eventual restriction of propagation of reaction zones. Indeed, a locally negative value of conditioned S d |c 1 c c 2 is associated with reduced capability of the reaction zone to enter this spatial region. Accordingly, we extracted 4D PDFs P (S d ,S 2 ,c,c) and P (S d ,k m ,c,c) from the DNS data and computed probability Figure 10(a) shows that the probability of finding negative S d depends weakly on total strain even if S 2 is so large that the probability of finding such a value of S 2 is very low, cf. Figs. 9 and 10(a). This result implies that turbulent strain rates affect propagation of the reaction zone with respect to the local flow weakly from the statistical viewpoint.
All in all, Figs. 9 and 10(a) do not evidence that reaction zone is pushed out regions characterized by high strain rates. On the contrary, Fig. 10(b) implies an important role played by the local curvature of the reaction zone, as discussed in the next section.
Smoothing mechanism
Due to molecular transport processes, a wave of a nonzerothickness δ F smooths out local wrinkles whose length scale is sufficiently small. For instance, applications of fractal analysis to instantaneous flame surfaces have indicated that the lowest scale of the surface wrinkles is controlled by δ F [3, 81] .
To illustrate such a smoothing mechanism by considering a simple case following Zeldovich et al. [82] , let us rewrite 063101-13 Table III , which are associated with the most pronounced bending effect.
Eq. (3) in the spherical coordinate system
For an expanding reaction wave, the last term on the left-hand side reduces the wave speed when compared to the counterpart planar wave. If the local radius r c of the wave curvature is on the order of the Kolmogorov length scale η < δ F , the magnitude D/r c of the negative speed resulting from the considered term is on the order of the Kolmogorov velocity [if Sc = O(1) or even larger if Sc is low] and can be much larger than S L if Ka 1. This curvature-induced speed is negative (positive) for a local wrinkle with curvature center in products (reactants) and, therefore, tends to smooth out the wrinkle. This physical mechanism is controlled by the molecular diffusion and acts even if the local consumption velocity u c does not depend on r c . Moreover, while a turbulent eddy whose length scale is significantly smaller than δ F perturbs the local wave surface during a short lifetime of the eddy, the considered mechanism can smooth out the perturbation even after the disappearance of the eddy until D/r c = O(S L ) and r c = O(δ F ). Accordingly, if η δ F , the small-scale range of the entire turbulence spectrum may be inefficient in wrinkling the wave surface and this inefficient range expands to smaller length scales when U is increased. This physical mechanism acts to impede increasing wave surface area and S T with increasing U .
Indeed, Fig. 10(b) shows that, in cases 10-67-4δ and 10-67-4δ-Ze, associated with the most pronounced bending effect, see black triangles in Fig. 7(a) , the probability of finding negative S d is strongly increased by k m if |k m δ F | < 1. The probability is larger than 70% if k m δ F > 2. Accordingly, if the local curvature of a reaction zone is positive and sufficiently high (k m > δ −1 F ), the zone statistically tends (i) to move to products, i.e., to the curvature center, and therefore (ii) to smooth out the local wrinkle of the zone surface. If the local curvature of a reaction zone is negative and sufficiently high (k m < −δ −1 F ), the zone moves to unburned gas [the probability of finding positive S d is almost equal to unity; see Fig. 10(b) ], i.e., to the curvature center, and therefore smooths out the local wrinkle of the zone surface again.
Moreover, Fig. 11(a) shows that the probability
of finding highly wrinkled reaction zones characterized by
where b is a positive number of unity order, is significantly increased when the laminar wave thickness δ F is decreased, cf. results computed in cases 100-21-4δ, 10-21, or by solving the G equation (5), but depends weakly on Ze, cf. cases 10-21-4δ and 10-21-4δ-Ze. is weakly affected by variations in Re 0 , Ka, δ F /η, and Ze, provided that U /S L and L 11 /δ F are kept constant. In the cases addressed in Fig. 11(b) , variations in the thickness δ F = D/S L are controlled by variations in the diffusivity D. Consequently, significant (weak) dependence of the discussed probability on δ F (Ze and, hence, the reaction zone thickness) implies that the molecular transport impedes wrinkling reaction-zone surface by small-scale eddies in intense turbulence.
Thus, the above analysis of the present DNS data indicates that the bending of S T /U curves, computed in the case of a nonzero local thickness of reaction wave, is controlled by the bending of the mean area of reaction-zone surface as a function of U /S L ; see Fig. 8(a) . The latter bending is controlled by the following physical mechanism: When a reaction front has a negligible thickness, see the red symbols in Fig. 7(a) , turbulent eddies of various scales can wrinkle the front surface, increase its area, and hence increase S T , e.g., the red solid curve in Fig. 11(a) . However, if the local thickness δ F of a reaction wave is comparable with or larger than the Kolmogorov length scale η, the local molecular transport efficiently smooths out smallscale wrinkles of the wave surface, cf. other results shown in Fig. 11(a) with results shown by the magenta solid curve. Therefore, the local molecular transport impedes increasing the surface area due to the highest local stretch rates created by the smallest turbulent eddies. Consequently, S T is reduced when compared to the case of an infinitely thin reaction wave, cf. black and red symbols in Fig. 7(a) . The present simulations show that this physical mechanism plays an important role even in the case of a reaction wave that does not affect the flow. Therefore, this physical mechanism differs fundamentally from the well-known reduction of the influence of the small-scale turbulent stretching on a premixed flame, which (reduction) stems from destruction of the smallest turbulent eddies due to combustion-induced dilatation and an increase in the viscosity [48, 49] .
Under conditions of the present DNS, the highlighted physical mechanism appears to play a role in all cases characterized by a nonzero δ F , because δ F > η in all these cases; see Tables II and III . Under conditions of a typical experiment with premixed turbulent flames, such a mechanism can reduce turbulent flame speed S T if the turbulence length scale L 11 is sufficiently small or the rms velocity U is sufficiently large. For instance, if L 11 δ F is kept constant and U is increased starting from a sufficiently low value such that η δ F , then the discussed mechanism does not seem to play a role at low U , but reduces S T when U reaches a critical value such that η ≈ δ F .
V. CONCLUSIONS
A DNS study of propagation of a thin reaction wave in forced, constant-density, statistically stationary, homogeneous, isotropic turbulence was performed by solving NavierStokes and reaction-diffusion equations under a wide range of conditions that covers various (from 0.5 to 10.0) ratios of the rms turbulent velocity U to the laminar wave speed S L , various (from 2.1 to 12.5) ratios of the integral length scale L 11 of the turbulence to the laminar wave thickness δ F , and two Zeldovich numbers, Ze = 6.0 and 17.1. Accordingly, the Damköhler Da and Karlovitz Ka numbers were varied from 0.2 to 25.1 and from 0.4 to 36.2, respectively. Computed data were compared with previous DNS results [24] obtained by tracking an infinitely thin (Ze = Da = L 11 /δ F = ∞, whereas Ka = 0) self-propagating front in statistically the same turbulence.
On the one hand, comparison of the present and previous DNS data does not show a substantial effect of the local wave thickness δ F on the mean wave thickness or the mean turbulent flux u c of a reaction progress variable c. In particular, the following effects simulated in the present work are similar to effects revealed in the previous DNS study [24] of self-propagation of an infinitely thin front in the statistically the same turbulence. First, the normalized fully developed mean wave thickness δ T /L 11 is increased by U /S L , i.e., δ T ∝ L 11 (U /S L ) b , where b is close to 0.4; see Fig. 4 and Table IV . Second, the fully developed flux u c is affected by the chemical reaction. In particular, diffusivity D * T associated with the flux and averaged over the fully developed wave brush is decreased when a ratio of U /S L is decreased; see Fig. 6(a) . On the contrary, a ratio of D * T /(U δ T ) depends weakly on U /S L ; see Fig. 6(b) .
On the other hand, the mean wave speed is significantly reduced when δ F /L 11 is increased. The mean wave speed computed in the present study scales as follows:
0.5 (L 11 /δ F ) q , with q being close to 0.5. In particular, the obtained DNS data are well fitted with S T ∝ U Da 1/2 , thus highlighting the chemical time scale τ c = δ F /S L to be the mixture characteristic that controls the fully developed mean turbulent wave speed. Moreover, the following results obtained in the present work stem from a nonzero thickness δ F of the reaction wave.
First, the computed S T /S L (U /S L ) curves show bending; see Fig. 7(a) . The bending effect is increased by δ F /L 11 , but vanishes in the case of an infinitely thin front.
Second, under conditions of the present study, the bending effect is controlled by a decrease in the rate of an increase δA in the reaction-zone surface area with increasing U /S L ; see Fig. 8 . In its turn, the bending of the δA(U /S L ) curves stems from inefficiency of small-scale turbulent eddies in wrinkling the reaction-zone surface, because small-scale wrinkles are smoothed out by molecular transport within the local reaction wave; see Figs. 10(b) and 11. Such a smoothing effect was not observed in the DNS of self-propagation of an infinitely thin front at a constant speed S L [24] .
Finally, the mean wave thickness and speed are weakly affected by an increase in the Zeldovich number Ze from 6.0 to 17.1; see the last two columns in Tables II and III. It is worth stressing that simulations discussed in the present paper are the second step in an ongoing DNS series aiming at improving understanding of the governing physical mechanisms of premixed turbulent combustion by investigating a set of basic problems starting from the simplest ones addressed in previous work [24] and the present work. Subsequently, we plan (i) to complicate the problem step by step by allowing for preferential diffusion and Lewis number effects, density variations, and finally complex combustion chemistry and (ii) to reveal a role played by each of these effects by straightforwardly comparing data obtained in two subsequent sets of the DNS series. Table VI . Those cases were based on a turbulence field, which was slightly modified when compared to the field addressed in the third line of Table I . The point is that the computed turbulent wave brush was wide at high U /S L ; cf. the column δ T /L 11 in Tables VI and II rectangular box of L x = 8L y = 8L z was resolved using a uniform staggered Cartesian grid of 2056 × 256 2 cells. This modification did not change the turbulence statistics when compared to the statistics reported in the third line of Table I .
The DNS data reported in the next-to-last column in Table VI clearly show the bending effect, i.e., a decrease in S T /U with increasing U /S L . Moreover, these data agree well with a scaling of S T ∝ U Da 1/2 , which fits to the DNS data computed at U /S L 10 and is discussed in the main body of the present paper. First, this scaling can be rewritten in the form S T ∝ S L Pe 1/2 , where Pe = u L 11 /(S L δ F ) is the Péclet number, which is equal to 69 in the four new cases, as well as in the basic case 10-67 addressed in the 15th row in Table II . Accordingly, a ratio of S T /S L is expected to be the same in the five (the basic and four new) cases. Indeed, the last column in Table VI shows that this ratio retains approximately the same value (7.6 in the basic case) when increasing U /S L and Ka, decreasing L 11 /δ F and Da, but retaining the same value of Pe. Second, the obtained equality of the normalized speeds S T /S L computed at the same Pe is consistent with approximately equal values of S T /U or S T /S L simulated in cases 05-21 and 05-21-δ or 10-21 and 10-21-δ. Indeed, two cases 05-21 and 05-21-δ are characterized by the same Pe = 1.05 and two cases 10-21 and 10-21-δ are also characterized by the same Pe = 21.
Third, Fig. 12 indicates that the scaling of S T ∝ S L Pe 1/2 ∝ U Da 1/2 fits the new DNS data well. These and other new DNS data will be discussed in detail in subsequent papers. 
